Several dimensions of shape, such as curvature or taper, can be regarded as extending from a singular (S) or 0 value (e.g., a straight contour with 0 curvature or parallel contours with a 0 angle of convergence) to an infinity of non-singular (NS) values (e.g., curves and non-parallel contours). As orientation in depth is varied, an S value remains S, and a NS value will vary but will remain NS. Infant and adult human participants viewed pairs of geons where one member had an S and the other had a NS value on a given shape dimension, e.g., a cylinder vs. a cone. Both adults and infants looked first, and adults looked longer at the NS geons. The NS geons also produced greater fMRI activation in shape selective cortex (LOC), a result consistent with the greater single unit activity in macaque IT produced by those geons (Kayaert et al., 2005) . That NS stimuli elicit higher neural activity and attract eye movements may account for search asymmetries in that these stimuli pop out from their S distractors but not the reverse. A positive association between greater activation in higher-level areas of the ventral pathway and visual preference has been demonstrated previously for real world scenes (Yue, Vessel, & Biederman, 2007) and may reflect the workings of a motivational system that leads humans to seek novel but richly interpretable information.
Introduction
It has been known for over a century that the locations of visual fixations are decidedly non-random: people are prone to fixating some stimuli (or regions of a scene) more frequently than others. The present study investigated whether these fixation biases or visual preferences 1 would be manifested when looking at simple shapes, such as geons. Given fixation biases, is there a fundamental characteristic of the shapes that predicts the biases? And is there an underlying neural correlate that might explain the biases? Several 3D dimensions of shapes, such as curvature or cotermination, can be regarded as extending from a singular (S) or 0 value (such as a straight contour with 0 curvature or a pair of contours that terminate at a common point with a 0 difference in the loci of their endpoints) to an infinity of non-singular (NS) values (as with curves and non-coterminating contours). An S value will always produce a 2D projection (i.e., an image) that is S at all orientations in depth; the 2D projection of a NS value will vary, but it will remain NS at all orientations (up to an ''accident'' of viewpoint).
2 Parallelism (here termed taper), with a 0 angle of convergence, represents a special case in that with rotation in depth, perspective will produce an apparent convergence of the contours. However, there is a strong bias towards maintaining a perception of parallelism under depth rotation even with modest non-zero angles of convergence at modest extensions in depth (King et al., 1976) . 3 We explored visual shape preferences for these dimensions with geons, a set of shape primitives formed from a partition of the set of simple generalized cones (GCs) (Binford, 1971) . A GC is a volume created by sweeping a cross section along an axis. The cross section can be round (as when a sweep of a circle generates a cylinder) or straight (as when a square generates a brick) and the axis could be straight or curved. The cross section can remain constant in size (as with a brick or cylinder), or expand (or contract, when considered from the reverse direction), as with a cone or a wedge, expand and then contract (producing sides with positive curvature). Each of these nonaccidental variations would produce a different geon. Any object can be represented by a collection of GC parts in specified relations (Marr & Nishihara, 1978) . For the stimuli used in the present experiment ( Fig. 1) , S geons had straight axes and/ or parallel sides. NS geons had curved axes, and/or non-parallel straight sides or sides with positive curvature.
In the present investigation we manipulated four of those dimensions ( Fig. 1) : main axis curvature, positive curvature of sides, taper, and a conjunction of taper and positive curvature (for which all but taper has an element of curvature in the NS shape that is not present in the S variant). Previous studies have shown that human adults prefer curved stimuli (both real objects and nonsense shapes) over a version of those objects with sharp (pointy) corners instead of the curve (Bar & Neta, 2006; Silvia & Barona, 2009) , which may be the consequence of pointy objects perceived as threatening, as suggested by the increased amygdala activation elicited by such stimuli (Bar & Neta, 2007) . Similar preferences for curvature, where the non-curved/less-curved versions of the objects had both sharp angles and straight edges in place of the curves, have been reported (Carbon, 2010; Hevner, 1935; Leder & Carbon, 2005) . All of the manipulations in our study that involved curvature compared straight edges (in the S shape) to curved edges (NS shape) along extended contours. In contrast with the prior studies, none of our stimuli compared a discontinuous extrema of curvature (i.e., a pointy corner) with a continuous (i.e., curved) extrema. (The two shape measures are independent in that the derivative at the extrema of a curved or a straight contour could or could not be continuous.) There have been reports with complex stimuli that infants prefer looking at, for example, bullseye patterns with curved lines to ones with straight lines, although some of the stimuli with straight contours had pointy corners (Quinn, Brown, & Streppa, 1997; Ruff & Birch, 1974) .
In the present investigation, infants and adult human participants viewed simultaneously presented pairs of geons where one geon had an S and the other had a NS value, e.g., a cylinder vs. a cone. We assessed, by eye tracking, which shape the participants spontaneously fixated. We also assessed (in adults) whether S or NS values would elicit a greater fMRI BOLD response in the lateral occipital complex (LOC), an area selective for shape and critical for shape recognition (James et al., 2003) . We found that NS values are more likely to attract fixations and elicit greater BOLD responses in LOC. The latter result is consistent with the Kayaert et al. (2005) finding of greater single unit activity to NS values in the inferior temporal (IT) region of the macaque, an area homologous to LOC (Kriegeskorte et al., 2008) .
Experiment 1: adult shape preferences
We tracked eye movements of adults (Exp. 1) and infants (Exp. 2) in a free-viewing paradigm for S vs. NS geons. The geons varied along simple GC dimensions: curvature of main axis, parallelism (taper), and positive curvature of the geon's sides.
Method

Participants
Fourteen adults, 10 females, ages 19-36, all students at the University of Southern California were compensated for their participation. Three were members of the P.I.'s lab (who were not compensated) but their data were virtually identical to those of the other participants.
Stimuli
The stimuli for all three experiments were from a total set of 36 line drawings of 3D appearing geons, 24 of which were used in Exp. 2 and all 36 in Exps. 1 and 3. All 36 geons can be viewed at http://geon.usc.edu/~ori/36Shapes.html. Images were generated using Autodesk's 3D-studio Max 8, and MATLAB (The MathWorks, Natick, MA). The edges, corresponding to orientation and depth discontinuities, were white, with the inner surfaces a uniform gray. They were displayed on a black background (see Fig. 1 ). The stimuli were organized into 12 sets of 3 geons each, with the geons in each set differing along one dimension (10 sets) or two dimensions (two sets). Each set consisted of one ''S'' object that had a 0 value along the manipulated dimension(s) in that set (e.g. a brick with parallel sides, thus zero taper), one object with a high value along the same dimension(s) (e.g. a brick with a high degree of taper), and one object of intermediate value (e.g. medium taper). The intermediate geon (which was only used in Exp. 3) was physically equidistant from the other two geons as scaled by the Gabor-jet model, a multiscale, multiorientation model of V1 simple-cell filtering (Lades et al., 1993; Xu et al., 2009) . The model computes physical similarity between pairs of stimuli that correlate almost perfectly with psychophysical discriminability when the stimuli vary metrically. The measure does not distinguish between metric and nonaccidental differences so it can be employed as a gauge to assess differential psychophysical sensitivity to such differences. The model can be downloaded from http://geon.usc.edu/~biederman/GWTgrid_Simple.m.
The objects were all rotated 15°clockwise from the upright to reduce the tendency for the S shapes to appear more vertical, to avoid possible confounds as a result of anisotropy in orientation sensitivities (Hansen & Essock, 2004; Leehey et al., 1975) . For the six sets that manipulated the dimension of main axis curvature, the objects' orientations in the plane were further adjusted so that a line drawn from the center of the bottom of the base to the top surface would have approximately the same orientation for all three objects in the set. These manipulations were done prior to the Gabor scaling. Variation in the shapes were selected so as not to introduce differences in vertices, as would occur if a cross section with straight edges was compared with a curved cross section, e.g., a brick vs. a cylinder. Geons with sharp points were also not included because prior research (e.g., Bar & Neta, 2006) had shown that they were not preferred. This limited the variations to axis curvature and those changes that would be produced by variations in the size of the cross section as it was swept along an axis, e.g., parallel sides (when the cross section remained constant in size), and positive and negative curvature of the sides of the geon. For each set, all three objects were resized so that, with respect to each other, they were equal in area (defined as the number of pixels within the geon) and, consequently, in luminance. In the present study, nine participants were studied with the resized shapes only, one with the shapes before resizing, and four with both versions of the shapes. There was no effect of the variation in size so the data are shown collapsed across the different size levels.
Procedure
Stimuli were presented on a 46 in LCD screen (Sony Bravia XBR-III, 1016 571.5 mm) and displayed using C++ and SDL on a Unix platform. The screen was 100 cm from the subject's head, which rested on a chin-rest ( Fig. 2A) . Four participants had their head restrained with a helmet-like apparatus (instead of the chin-rest) 125 cm from the screen, which did not affect the pattern of results. Stimulus width and height subtended an average of $2.5°and $4.5°of visual angle, respectively.
Each trial began with a central fixation plus sign ($.25°) followed by a simultaneous display of two objects (one S and one NS from the same set) presented 6-7°to the right and to the left of the screen center. The S object was on the right for half of the trials, and stimulus pairs from all 12 sets were shown before there was a repetition of a pair. A given geon would never appear in successive trials.
Participants performed from four to eight runs of 40 trials each with breaks of approximately 1 min between runs. Some trials were excluded because the scanner could not locate the position of the eye for most of the trial. Each participant completed an average of 163 valid trials.
Between trials, a white fixation plus sign was presented on a gray background to minimize afterimages of the gray geons. At the beginning of each trial, which was initiated by the participant's key press, the fixation plus sign flickered five times and disappeared (along with the gray background) immediately followed by a pair of gray geons presented for 2 s on a black background. Participants were instructed to look wherever they wanted once the fixation plus disappeared. Participants' eye movements were tracked from the beginning of the flicker to the end of the trial (when the geons were removed from the screen and the fixation plus reappeared).
Eye-tracking analysis
The left eye position was tracked with a video scanner (ISCAN RK-464) at 240 Hz, in pupil-CR mode. The data were transferred to Matlab for subsequent analysis. Preference for an object was assessed by calculating the proportion of first looks and looking time, calculated using the total number of first saccades or dwell time to one object divided by the total number of first looks or looking time to both objects.
On each trial, the two shapes were displayed for 2 s. On 77% of the trials, participants fixated both shapes. A fixation was considered to be on a shape whenever it fell within an 8°x 8°invisible frame that extended 2.5°around the boundary of the shape, which was always beyond 5°to the right or the left of initial fixation. The invisible frame was constant for all trials and shapes. For the purpose of counting the number of fixations within each region of interest, a fixation was defined as gaze longer than 100 ms remaining within a circle with a radius of .67°, of visual angle.
Results and discussion
All 14 participants fixated longer at the NS shapes, M = 61.1%, of the total time looking at any of the shapes, which was reliably greater than chance (50%), t(13) = 3.48, p < .005. In addition, 13 of the 14 participants made first saccades more often than chance to the NS object, M = 60.9%, t(13) = 3.32, p < .006. The NS geon in all 12 object sets had longer looking times on average and, for 11 of the 12 sets, subjects looked at the NS shape first more often (for one set it was looked at first 49.1% of the time, not reliably different from chance).
In 10 of the sets there was an element of curvature in the NS variant that was absent in the S variant, so it is possible that some of the NS advantage could be explained by preference for curved features. However, the preference results held for the two comparisons for which only taper was manipulated. The NS objects of these two sets were fixated longer than chance, M = 60.6%, t(13) = 3.59, p < .004, and looked at first for a larger percentage of the trials, although with reduced power because of fewer observations per subject so the taper dimension, individually, fell short of significance (M = 55.8% of the trials, t(13) = 1.76, p = .102). The effect of taper, however, was consistent with total looking time of adults, first looks of infants (also falling short of significance) and single cell recordings reported below. The mean number of fixations per trial to the NS geon, 2.47, was greater than the mean of 1.88 fixations to the S geon, t(13) = 3.88, p < .01; and the mean length of a fixation at a NS geon, 317 ms, was longer than that to the S geon, 292 ms, t(13) = 2.32, p < .05. Table 1 shows the results for the individual shape dimensions. All of the preferences, as reflected by eye movements, favored the NS objects.
The S stimuli served in more than one set more frequently than the NS stimuli, so there was greater repetition over a run of the S stimuli compared to the NS stimuli. It is possible that their repetition might have reduced their fixation preference, an effect that would be at odds with Zajonc's (2001) ''mere-exposure effect,'' in which liking for a stimulus grows with exposure. To assess whether the greater frequency of presentation of S stimuli could have resulted in reduced preference, we compared preferences from the first and last runs (40 trials each). There were no reliable differences either in percent looking time (First: 61.2% vs. Last: 61.1%, t(13) < 1.00) or percent first fixations to NS stimuli (61.0% vs. 60.9%, t(13) < 1.00). In sum, adults show a preference, consistent across participants and shapes, for NS objects, as measured both by total looking time and first looks.
Experiment 2: infant shape preferences
It is possible that the preferences shown by adults have their origin in language, geometrical knowledge, and extensive experience with various objects. Would preferences for the NS shapes be manifested in infancy? Similar to the choice presented to the adults in Exp. 1, infants were presented with pairs of S and NS objects (one on each side of the screen), while their eye movements were recorded. Previous studies demonstrated that infants are sensitive to such shape changes, and may perceive the different geons in a set as different objects (Haaf et al., 2003; Mash, Arterberry, & Bornstein, 2007) .
Method
Participants
Nineteen 5-month-old infants (10 girls, M = 5 months, 2.6 days, range: 4 mos, 8 days to 6 mos, 1 day) were run at the Babylab at the Centre for Brain and Cognitive Development, Birkbeck, University of London. Data from five additional infants were excluded from final analyses due to fussiness (i.e., watching less than 10 s). Infants were recruited via local-area advertisements in the greater London metropolitan area and each was given an ''I Am an Infant Scientist'' t-shirt or bib for participating.
Stimuli
The same stimuli were used as in Exp. 1, except that the shapes were not scaled to be of equal relative size (which, based on Exp. 1, had little effect), and the stimuli in Exp. 2 covered a greater area on the screen than in Exp. 1, subtending a visual angle of 9°in height and 4.5°in width. The objects' horizontal distance from the center of the screen was $8-10°.
Procedure
Infants sat in a car seat 50 cm in a small, quiet room 50 cm from a monitor above which was mounted a Tobii 1750 corneal-reflection eye-tracker, as shown in Fig. 2B . Their caregivers, who sat out of their view, were instructed to refrain from commenting on the movies or interacting with their infant. Fixation calibration was accomplished at five points (the corners and center of a square), and all infants were calibrated to at least four points. To accommodate the infants' short attention span, each of the 12 pairs of geons was shown once but, because of an error of presentation, two of the trials mixed shapes from two different sets. These trials were excluded from the analysis which thus included only the 10 trial types that were identical to those studied with adults. Each trial lasted 5 s, which was considerably longer than the 2 s exposure duration for the adults. With an exposure duration longer than 2 s, adults would become bored with such simple displays and, given their greater number of trials than the infants, it would be too difficult for them to maintain attention to such a simple task.
The design was similar to that of Exp. 1. During a session for a particular infant, S and NS objects appeared at most twice in the same locations on successive trials. Attention getters (still kaleidoscopic circles or squares with either a brring or boing sound) were presented after every trial to orient infants to the center of the screen. These 1 s movie clips looped until the infants returned their gaze to the center of the screen for approximately 1500 ms. The experimenter monitored the infants' looks though an external video camera to turn off the attention getter with a key press that initiated the next trial. After every fourth trial, a 7 s Sesame Street clip (''Mahna Mahna'') was presented to promote attention to the screen and general interest in the task.
Eye-tracking analysis
The raw data were exported through Tobii's ClearView software. Only fixations longer than 100 ms were considered for further analysis. These data were then analyzed with Matlab scripts to assess two measures: (1) the object that was fixated first and (2) the proportion of the total time spent looking at S and NS objects. As with adults, fixations were considered to fall on a particular object if they were recorded within the left or right areas of interest (15°Â 15°) surrounding the object, the closest edge of which was 8-10°away from the center of the screen. These measures were then averaged across all objects for each infant. Onesample two-tailed t-tests on the difference between looking to S and NS objects assessed whether both looking measures were reliably above chance (50%).
Results and discussion
Infants, like adults, made first saccades more often than chance to the NS geons, M = 59.5% of the trials, t(18) = 2.82, p < .02. 13 out of 19 infants made more first saccades to the NS geons. Percent first looks at tapered geons were as high as that for the other NS geons, but fell short of significance, likely a consequence of the fewer trials with taper. Unlike adults, infants showed no difference in total looking time, fixating the NS geons 48.6% of the time, t(18) < 1.00. The pattern of first saccades was similar to that of adults suggesting an early onset of the bias, one that precedes language acquisition and formal training in geometry. The lack of a significant difference in looking time may have developmental significance, or it could be the result of fussiness and general lack of interest in the stimuli. Table 2 presents results for individual dimensions.
Given that in five of the 10 geon pairs the NS geon was slightly bigger than the S (and vice versa for the other five), and the finding that infants prefer looking at larger stimuli (Cohen, 1979) , we were concerned that it may be the larger size of those five NS geons that was the cause for the bias to look at them first. If that were the case there would be a positive correlation between the relative sizes of the NS shape compared to the S shape in the same set, and first looks. In fact this correlation was non-significant, and if anything, negative (r = À.16), suggesting that the small size differences do not explain the bias.
Experiment 3: MRI study
Yue, Vessel, and Biederman (2007) and Biederman and Vessel (2006) reported that preferred scenes induce greater activity in scene selective cortex. Would the preferred (NS) shapes from Exps. 1 and 2 induce greater activation in shape selective cortex?
The present experiment was initially designed as an fMRIadaptation study (fMRI-a) (Grill-Spector et al., 1999) to assess sensitivity to nonaccidental vs. metric properties (NAPs vs. MPs) in the lateral occipital complex (LOC), an area critical for object recognition (James et al., 2003) . fMRI-a exploits the finding that the repetition of identical stimuli generally produces a reduced BOLD response relative to when the stimuli are changed. The release of adaptation is taken as a measure of the dissimilarity of the differences in the stimuli. Because we had two types of changes, NAPs and MPs, the design required trials in which identical stimuli were repeated, namely S and NS stimuli that were involved in the changes. Unexpectedly, the repetition of the NS stimuli elicited significantly greater BOLD responses than repetition of the S stimuli, which precluded the employment of the release from adaptation effects to assess NAP vs. MP sensitivity. Instead, the study became one of comparing the baseline activation of S and NS stimuli.
Method
Participants
Nineteen adult students from the University of Southern California (USC), 10 females, ages 22-36. All participants were screened for safety and gave informed consent in accordance with the USC Institutional Review Board Guidelines. The 16 participants who were not members of I.B.'s lab were compensated for their participation. Lab members and compensated subjects gave highly similar data. Of the 19 participants one of the participants (male) was excluded from the analysis because of low BOLD signal in LOC.
Stimuli
The shapes were presented in isolation at the center of the screen subtending approximately 1.5°visual angle. Stimuli were (Brainard, 1997) running under Matlab (The MathWorks, Natick, MA). The equal-sized shapes used in Exp. 1 were used for 7 out of the 18 participants. The rest were presented with the shapes before resizing, as in Exp. 2. Since no differences were observed between the groups, the results were collapsed over shape size.
Procedure
At the onset of each 2 s trial, two objects from the same set appeared sequentially, alone at the center of the screen each for 100 ms with an inter-stimulus interval of 400 ms between them. There was a small $.5°lateral translation in the position of the two stimuli with respect to each other to reduce low level adaptation effects when the stimuli were identical. When the objects were not being shown, a white fixation dot was displayed at the center of the screen. There were four conditions (only the first two of which are relevant to the present investigation): (1) S Identical (S-id): The S object was repeated twice (e.g. straight elongated brick, appearing twice). (2) NS Identical (NS-id): The object with the highest value along the dimension was repeated twice (e.g. a brick bent to the right such that its main axis is curved, appearing twice). (3) Nonaccidental Property Difference (NAP): The intermediate object was followed by the S object (e.g. a brick bent partially to the right followed by a straight brick). (4) Metric Property Difference (MP): The intermediate object was followed by the object with the highest value on the dimension (e.g. the brick partially bent to the right followed by a brick with greater main axis curvature in the same direction). The physical similarity of the pairs of stimuli for the NAP and MP changes was equated by the Gabor-jet metric.
In a random jittered design, the four conditions and blank trials were balanced with respect to trial history. While in the scanner, participants were given a task that was intended to be orthogonal to the main hypothesis so as to not confound the results with task difficulty, but merely to make sure participants were attending to the display. The task was to press a button when the fixation dot changed from white to red (100 ms after the presentation of the two objects), which would occur on 12% of the trials (an equal proportion of times for every condition). Task performance was at ceiling for all participants. These detection trials were excluded from the analysis.
Each subject participated in an anatomical scan and three or four experimental runs of 252 trials each, and two LOC localizer runs consisting of blocks of intact and scrambled images of objects, faces and scenes (LOC was localized as an area showing greater activation for intact objects compared with scrambled objects), all in the same session.
Data acquisition
Scanning was performed at USC's Dana and David Dornsife Cognitive Neuroscience Imaging Center on a Siemens Trio 3T scanner. A standard 16-channel head coil was used for all acquisitions.
High-resolution T1 weighted structural scans were performed on each subject using MPRAGE sequence (TR = 2070 ms, 160 sagittal slices, 256 Â 256 matrix size, 1 Â 1 Â 1 mm voxels).
Full brain functional images were acquired using an echo planar imaging (EPI) pulse sequence (TR = 1000 ms, TE = 30 ms, flip angel = 62°, 64 Â 64 matrix size, in plane resolution 3 Â 3, 3 mm thick slices, 18 roughly axial slices centered on ventral aspects of the occipital and temporal lobes).
Data analysis
Preprocessing (3D motion correction using Trilinear interpolation, 3D spatial smoothing using a 4 mm full-width at half-max Gaussian filter, linear trend removal using a high pass filter set to 3 cycles over the run's length), and statistical analysis were done with the Brain Voyager software package (Brain Innovation BV, Maastricht, The Netherland). Motion corrected functional images were coregistered with the same session anatomical scan, which were then transformed into Talairach coordinates. All statistical analysis was done on the transformed data. We performed a standard, region of interest analysis identical to that described in Hayworth and Biederman (2006) . LOC was defined for each subject individually with an independent localizer by comparing intact images of objects to scrambled versions of the same images (threshold was set to: Bonferroni corrected, p < 0.01). LOC ROIs in both hemispheres were subdivided into posterior, LO (lateral occipital cortex), and anterior, pFs (posterior fusiform gyrus). Early visual cortex was roughly defined anatomically by a set of voxels about the posterior aspect of the calcarine sulcus that were activated more for the experimental conditions than blank trials.
For the fast event-related experimental runs, a deconvolution analysis was performed on data averaged over all voxels within each participant's ROIs. The BOLD response over the each ROI was deconvolved using a 20-point fitting function. The b values for this deconvolution were used to calculate the %BOLD change (as a function of time). The peak (average of the %BOLD change for time points 5-7) of the deconvolved hemodynamic responses for the four conditions was used in the subsequent analysis. p-Values were obtained for the two comparisons (S vs. NS; NAP vs. MP) with a paired t-test, across participants.
Results and discussion
The two Identical conditions were meant to establish baseline activation for S vs. NS objects. The NAP and MP conditions were designed to assess release from adaptation effects for NAP vs. MP property changes. For the Identical conditions, NS objects induced higher activation in LOC compared to S objects, t(18) = 2.95, p < .01, in LO, and t = 2.21, p < .05, in pFs (Fig. 3) . No such baseline activation difference was observed in early visual areas (t < 1.00). No significant difference was found between the NAP and MP conditions in any of the ROIs. 4 Could the greater baseline activation for NS shapes be a consequence of the S shapes appearing more similar to each other? To test this we split the experimental runs in two, comparing runs 1 and 2 to runs 3 and 4 for subjects who completed 4 runs, or run 1 to run 3 for subjects who completed 3 runs. An ANOVA of Condition (S-Id vs. NSId) Â Half (Initial half of experiment vs. Final half) revealed only a main effect of Half as the average BOLD signal change in the initial half of the experiment, was higher than in the final half, both in LO (Initial half: M = .29, Final half: M = .20, F(1, 18) = 9.53, p < .01) and in pFs (Initial half: M = .23, Final half: M = .14, F = 14.77, p < .001). Because of reduced power, the Condition main effect fell short of significance both in LO (S-Id: M = .23, NS-Id: M = .26, F = 2.25, p = 1.51) and pFs (S-Id: M = .17, NS-Id: M = .20, F(1, 18) = 3.06, p < .1). Critically, there was no interaction between Half and Condition, with NS geons inducing greater activation, on average, than S geons both in the initial and final halves of the experiment both in LO (Initial half: S-Id: M = .28, NS-Id: M = .30; Final half: S-Id: M = .18, NS-Id: M = .21; F(1, 18) < 1.00, ns), and pFs (Initial half: S-Id: M = .22, NS-Id: M = .24; Second half: S-Id: M = .12 NS-Id: M = .16; F(1, 18) < 1.00, ns). The absence of this interaction suggests that exposure frequency could not be the explanation of the main finding of greater activation induced by the NS geons.
To what extent is the greater fMRI activity observed here in LOC to NS shapes mirrored in single cell tuning in macaque IT, the likely homologue to LOC (Kriegeskorte et al., 2008) ? Kayaert et al. (2005) presented a series of 2D shapes and recorded single-unit activity in IT. The 2D shapes were GCs in which the cross section is a line. Starting from a rectangle or a triangle, several NS variations defining six levels for each dimension, were varied: axis curvature, negative curvature of the sides, positive curvature of the sides, and (for the rectangle only) taper. Three results are relevant for the present discussion: (a) a multidimensional analysis of the responses of 98 IT neurons showed that 95% of the activity could be accounted for by independent tuning to the various dimensions, (b) almost all the tuning functions were monotonic, with the peak response at an extrema of a continuum, e.g., a given neuron might have the highest activity to a straight axis whereas another would have the highest activity to the most highly curved axis, and (c) there was a strong tendency for the highest activity, overall, to be at the NS extrema of each of the dimensions (Fig. 4) . These results are unlikely to be a simple consequence of exposure (subjects being exposed to more S shape values than any particular NS shape value throughout their lives) because previous studies on the effects of long-term exposure found that, if anything, greater exposure leads to more neurons/ activation associated with the stimuli (e.g., Logothetis, Pauls, & Poggio, 1995; Miyahsita, 1988) . In the general discussion, we propose a linkage between higher activity and preference.
General discussion
To summarize, we found that both adults and infants preferentially look at shapes with high NS values, and that the same NS shapes produce greater BOLD activity in adult human shape selective cortex. This effect is not feed-forward from early visual areas and the BOLD results are consistent with a previous report of greater single-unit activity to NS shapes in macaque IT (Kayaert et al., 2005) .
Eye tracking and fMRI
Adults and infants looked first, and adults looked longer, at NS geons. NS geons were tapered or had particular curved contours that were straight in the S geons. With respect to curvature, these results are consistent with previous studies reporting preferential looking at curved features, (though typically confounded with pointy vs. curved contour terminations rather than along the contour) both in infants (Cohen, 1979; Quinn, Brown, & Streppa, 1997; Ruff & Birch, 1974) and adults (e.g., Bar & Neta, 2006) .
We found greater activation to NS geons in shape selective cortex, LOC, but not in early visual areas. The fMRI results are consistent with reports of greater activity in macaque IT to NS shapes (Kayaert et al., 2005) .
Relation to asymmetries in visual search
Treisman and Gormican (1988) reported search asymmetries in which, for example, curved targets ''pop-out'' from straight distractors or converging lines pop out from parallel distractors but not the reverse (e.g. a straight target does not pop-out from curved destructors). Ju (1990) found such search asymmetries with geons. Our results provide, for the first time, a neural account of the asymmetries: NS targets elicit greater neural activity and (presumably because of this greater activity) attract fixations, thus rendering these NS targets more detectable.
Why would NS shapes elicit greater neural activity and attract eye fixations?
Why would NS shapes attract visual fixations? There is evidence that human saccades tend to maximize the rate of information acquisition. Loschky and McConkie (2002) reported that in gazecontingent displays, saccades avoided regions that were blurred during the initiation of the saccade. First fixations tend to go to salient locations (Itti & Koch, 2001 ) and locations that have greater uncertainty or a maximum amount of local information (Renninger, Verghese, & Coughlan, 2007) . Previous studies have shown that we are more sensitive to nonaccidental than metric differences (Biederman & Bar, 1999; Biederman, Yue, & Davidoff, 2009) . Although a definitive answer will have to await additional research, we speculate that because the NS values are indeterminate and sensitive to rotation in depth they require more processing and/or their neuronal representation is less sparse/efficient than that of the nonaccidental S values. 5 The increased activity might be an internal correlate of this indeterminacy.
Verbal reports vs. eye tracking
Verbal expressions of preference by adult subjects to curved over pointy shapes have been documented in a number of studies (Bar & Neta, 2006; Carbon, 2010; Hevner, 1935; Leder and Carbon, 2005; Silvia & Barona, 2009 ). In contrast to our studies in which curved edges were always compared to straight ones along the length of the contour, these studies compared curved with pointy endpoints, where contours coterminated. A negative preference for shapes with sharp corners may be the result of sharp corners signaling danger, as supported by greater activation in the amygdala for those ''pointy'' shapes (Bar & Neta, 2007) . Another critical difference is that the above studies used verbal reports of liking for curvy shapes, while we recorded eye movements and showed that participants looked more at the shapes with the curved contours over the straight one.
Would verbal reports of liking agree with eyetracking results? To test this, we used the same display of S and NS pairs of objects, but instead of recording eye-movements as in the free viewing Exp. 1, we asked subjects to report (by key press) which one of the two shapes they like better. None of the subjects had prior exposure to the stimuli. All eight subjects liked the S shapes better. It is likely that the S geons conformed more to what the Gestaltists termed ''good figure,'' or pragnänz, or what might be termed a ''Platonic ideal.'' That is, these shapes, seemed more well formed, symmetrical, and ''not broken/twisted''. However, the pattern of visual saccades suggests that the NS shapes are more interesting, and that ultimately people are motivated to look at the NS shapes. Similarly one would expect the average face to be preferred (average faces are beautiful/healthy), but twisted faces are more interesting, draw more attention, and elicit increased activation in face selective visual cortex (Leopold, Bondar, & Giese, 2006) .
Motivation for information
The results show that we are motivated to look at NS stimuli, presumably because they offer more information, and that the NS stimuli produce greater activation in shape selective cortex. What might be the underlying motivational factor causing this greater inspection of stimuli with more information?
There is evidence that stimuli that offer more novel (Ranganath & Rainer, 2003) and richly interpretable (Grill-Spector et al., 1998) information elicit greater activity in ventral stream areas such as LOC and PPA and people are more prone to look at such stimuli that induce greater activation in those areas. Direct evidence for a link between activation and preference was obtained by Yue, Vessel, and Biederman (2007) who found that scenes that elicited greater activation in the parahippocampal place area (PPA, Epstein & Kanwisher, 1998) received higher preference ratings. 6 Here we have shown a similar relation between visual sampling of simple shapes and activity in object selective cortex LOC. We speculate that a mediating factor between the greater activation and the perceptual preference could be cortical opioid activity. In 1981, Lewis et al. discovered a gradient of mu opioid receptors in the ventral cortical pathway mediating object recognition in the macaque. Such receptors are sparse in the early stages (e.g., V1 and V2) but increase in density reaching their maximum in associative cortex, where perceptual information activates stored associations and where, presumably, interpretation and comprehension is achieved (Bar, 2004) . Biederman and Vessel (2006) proposed that increased activation in these associative areas would produce greater opioid activity and, assuming that such activity is pleasurable, produce greater pleasure and preference. This cortical opioid system may be the neural correlate motivating us to maximize information assimilation. 5 Greater activity, however, does not necessarily equal greater sensitivity. There is much evidence that humans are more sensitive to a shape change from an S to a NS value or vice versa, i.e., a nonaccidental change, than to a physically equivalent shape change from one NS value to another, i.e., a metric change (Biederman & Bar, 1999; Biederman et al., 2009 ). This greater behavioral sensitivity is mirrored in greater modulation of macaque IT cells to nonaccidental changes (Kayaert, Biederman, & Vogels, 2003) . 6 As noted earlier, there are other factors besides interest that may affect preference ratings, such as symmetry for shapes, and health indicators for faces, and there are also factors unrelated to information content that can elicit increased activation, e.g. fearful faces cause greater activation in right FFA than neutral faces (Vuilleumier et al., 2001 ). We (and Yue, Vessel, & Biederman, 2007) used stimuli that were emotionally neutral to minimize such effects.
Developmental implications
Our finding that 5-month-old infants tended to look first at the NS geons suggests that the bias to look at NS shapes begins before language acquisition or formal training in geometry takes place, and does not reflect cultural values. Instead, it likely reflects a cognitive mechanism, much like that of adults, which direct infants' attention to the more informative locations in the environment. Unlike adults, however, infants did not show greater looking time at the NS geons, possibly due to the long (5 s) presentation time, and fussiness/lack of enthusiasm for our stimuli. If we assume that the infant's bias to look at the NS geons has the same neural basis as that of the adult, and that the adult's bias is related to greater LOC activation, then an implication is that the infant's ventral pathway is sufficiently functional in infancy to produce this bias.
Conclusions
Our findings suggest that a mechanism is in place to direct our attention to sample the more informative segments of the visual environment; a mechanism that may use increased activation as a signal for assimilating information-rich stimuli. Such a mechanism may exist from infancy to render us infovores.
